Spinal cord injury (SCI) frequently causes severe, persistent central neuropathic pain that responds poorly to conventional pain treatments. Brain-derived neurotrophic factor (BDNF) signaling appears to contribute to central sensitization and nocifensive behaviors in certain animal models of chronic pain through effects mediated in part by the alternatively spliced truncated isoform of the BDNF receptor tropomyosin-related kinase B.T1 (trkB.T1). Mechanisms linking trkB.T1 to SCI-induced chronic central pain are unknown. Here, we examined the role of trkB.T1 in central neuropathic pain after spinal cord contusion. Genetic deletion of trkB.T1 in mice significantly reduced post-SCI mechanical hyperesthesia, locomotor dysfunction, lesion volumes, and white matter loss. Whole genome analysis, confirmed at the protein level, revealed that cell cycle genes were upregulated in trkB.T1 ϩ/ϩ but not trkB.T1 Ϫ/Ϫ spinal cord after SCI. TGF␤-induced reactive astrocytes from WT mice showed increased cell cycle protein expression that was significantly reduced in astrocytes from trkB.T1 Ϫ/Ϫ mice that express neither full-length trkB nor trkB.T1. Administration of CR8, which selectively inhibits cyclin-dependent kinases, reduced hyperesthesia, locomotor deficits, and dorsal horn (SDH) glial changes after SCI, similar to trkB.T1 deletion, without altering trkB.T1 protein expression. In trkB.T1 Ϫ/Ϫ mice, CR8 had no effect. These data indicate that trkB.T1 contributes to the pathobiology of SCI and SCI pain through modulation of cell cycle pathways and suggest new therapeutic targets.
Introduction
Spinal cord injury (SCI) causes debilitating motor and sensory deficits. As many as 80% of patients suffer from chronic, often severe pain (SCI pain) that responds poorly to conventional treatment (Modirian et al., 2010) . SCI pain has neuropathic features that suggest neuroplasticity changes and central sensitization (Ji et al., 2003) . Identifying better interventions to manage SCI pain requires improved understanding of physiological mechanisms underlying such maladaptive sensory plasticity after injury.
Noxious stimulation increases expression and release of brainderived neurotrophic factor (BDNF) in the spinal dorsal horn (SDH; Michael et al., 1997; Ha et al., 2001; Pezet et al., 2002; Coull et al., 2005) , which modulates pain processing (Thompson et al., 1999; Merighi et al., 2008) . BDNF binds to the tropomyosin-related kinase B (trkB) receptor to activate downstream signaling pathways (Pezet et al., 2002 ) that lead to the development of windup, central sensitization (Guo et al., 2002; Kovács et al., 2004) , and a shift from high to low threshold of activation in SDH neurons (Latremoliere and Woolf, 2009) . Although BDNF-trkB signaling is required for the induction and maintenance of neuropathic pain induced by peripheral nerve injury (Yajima et al., 2002; Ramer et al., 2007; Wang et al., 2009) , no studies have specifically examined its role in the development or maintenance of chronic pain after SCI.
TrkB is expressed as a full-length, catalytically active isoform (trkB.FL), as well as several alternatively spliced truncated isoforms, including trkB.T1 (Middlemas et al., 1991) , which is the predominant isoform expressed in the adult mammalian nervous system (Klein et al., 1993) . The extracellular domains of trkB.FL and trkB.T1 are identical and bind BDNF with equally high affinity (Middlemas et al., 1991; Pezet et al., 2002) . However, the intracellular domain of trkB.T1 is only 11 aa and lacks the kinase activation domain necessary to activate classical signal transduction pathways. Several studies have suggested that trkB.T1, a receptor lacking intrinsic kinase activity, may have signaling distinct from trkB.FL Rose et al., 2003; Dorsey et al., 2006; Carim-Todd et al., 2009 ), but few downstream targets have been identified and little is known about its potential signaling capabilities in vivo. After SCI, trkB.T1 is upregulated throughout the white matter (WM; King et al., 2000) and in astrocytes and ependymal cells (Liebl et al., 2001 ), but little is known about the effects of excess trkB.T1 on post-SCI pain and locomotor recovery.
Because trkB.T1 protein is upregulated in the SDH after noxious stimulation and genetic deletion of trkB.T1 attenuates hindpaw-inflammation-induced thermal hyperalgesia and systemic antiretroviral-mediated mechanical hyperesthesia ), we investigated whether trkB.T1 upregulation contributes to SCI pain by evaluating the effects of in vivo deletion of the trkB.T1 gene on the development of hyperpathia after contusion SCI in mice. We demonstrate that mechanical hyperesthesia and posttraumatic upregulation of cell cycle pathways are reduced in trkB.T1
Ϫ/Ϫ mice after SCI, with cell cycle activation regulated by trkB.T1 both in vivo and in vitro, and that treatment with a selective cyclin-dependent kinase inhibitor simulates the effects of trkB.T1 knock-out (KO).
Materials and Methods
Mice. All experiments were conducted using adult male C57BL/6J mice (20 -30 g; The Jackson Laboratory) or adult male trkB.T1 homozygousnull (trkB.T1 Ϫ / Ϫ ) and WT (trkB.T1 ϩ/ϩ ) mice (20 -30 g; breeding pairs were homozygous-null or WT for the trkB.T1 gene back-crossed on the C57BL/6J background to generation N20; mice used in this study were N20F2). The trkB.T1 mice were genotyped by PCR using tail DNA obtained at the time of weaning (postnatal day 21 [P21]). All mice were housed on a 12:12 h light/dark cycle with food and water available ad libitum. The International Association for the Study of Pain guidelines for investigations of pain in animals were followed. The institutional animal care and use committee of the University of Maryland School of Medicine approved these experiments. Throughout the duration of the study, the mice were visually examined daily for evidence of debilitation due to the SCI, which is indicated by changes in their appearance (disheveled hair, weight loss, and dehydration), behavior (decreased grooming, eating and drinking) and activity (decreased exploring and nesting). On each experimental day, the mice were weighed to detect changes in food and water consumption. Any mouse that demonstrated signs of debilitation or weight loss was killed. No mice were prematurely killed in this study. All mice were killed at the completion of experiments.
Drugs. A potent, selective cyclin-dependent kinase (CDK) inhibitor CR8 (a second-generation roscovitine analog) was used for the inhibition of cell cycle pathway. (R)-CR8 (#3605; Tocris Bioscience) was reconstituted in 0.9% saline to a concentration of 1 mM and administered by intrathecal injection (5 l). The vehicle control was 0.9% saline administered by intrathecal injection (5 l). The dose of CR8 was based upon prior investigations of other CDK inhibitors in SCI models from our laboratory (Byrnes et al., 2007; Wu et al., 2012a Wu et al., , 2012c , including direct in vitro comparisons. Both anti-apoptotic concentrations of CR8 in cultured cortical neurons and on microglial proliferation and activation in response to LPS in cultured primary microglia were similar to those of flavopiridol, for which we have systemic administration data.
SCI contusion and locomotion testing. Mice were anesthetized with isoflurane and a laminectomy was performed at T9 to remove the part of the vertebra overlying the spinal cord, exposing a circle of dura. The spinal column was stabilized via the lateral processes using clamps at T8 and T10. A moderate contusion injury was produced using the Infinite Horizon (Precision Systems and Instrumentation) spinal cord impactor with a force of 60 kdyn (Nishi et al., 2007; Whittaker et al., 2012) . For sham control animals, laminectomy was performed without trauma. After SCI, mice were kept on highly absorbent bedding and their bladders manually expressed twice daily until a reflex bladder was established (7-14 d after SCI). Mice were tested for hindlimb function in open-field locomotion on day 1 after injury and weekly thereafter for up to 8 weeks using the Basso mouse scale (BMS) for locomotion .
Western blot analysis. Mouse spinal cord tissue centered on the injury site or SDH at lumbar enlargement (L4 -L5) by microdissection was obtained at 1 d, 3 d, or 8 weeks after injury, with n ϭ 4 -8 mice per time point plus n ϭ 4 laminectomy controls. Five-millimeter segments of spinal cord tissue representing the injury epicenter were frozen and then processed for Western analysis (Jakovcevski et al., 2007) . Primary antibodies included: polyclonal rabbit anti-trkB.T1 and full-length (Santa Cruz Biotechnology); CDK1 (cdc2; Neomarkers); cyclin E and mouse anti-E2F1 (BD PharMingen); CDK4, proliferating cell nuclear antigen (PCNA), and E2F5 (Santa Cruz Biotechnology); and GFAP, neuron-glial antigen 2 (NG2), close homolog of L1 (CHL1), and monoclonal mouse anti-GAPDH (Millipore).
Nocifensive testing. For all behavioral tests, the observer was blinded to the strain, genotype, and treatment condition of the mice. The nocifensive behavior of paw withdrawal from a mechanical stimulus was used to assess the development of mechanical hyperesthesia. The mice were Figure 1 . The trkB.T1 protein is significantly upregulated at the thoracic injured area and lumbar spinal cord horn after SCI. A, Schematic drawing of the area of injury and region of tissue harvested. A moderate contusion injury was produced using a spinal cord impactor with a force of 60 kdyn. Five millimeters of spinal cord tissue centered on the epicenter or equivalent tissue from a laminectomy control was processed for Western blot and microarray analysis. B-C, Representative Western blot showing trkB.FL and trkB.T1 in the intact spinal cord (control), at 1 d and 8 weeks after SCI (D1 and WK8 SCI) in trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice. D-E, In the trkB.T1 ϩ/ϩ mice, trkB.T1 protein expression was significantly upregulated 1 d after SCI (n ϭ 4) compared with control (n ϭ 4). The upregulation was sustained at week 8 (n ϭ 8 per group, p Ͻ 0.05 SCI vs control, two-tailed Student's t test). There was no difference in the expression of the trkB.FL protein at 1 d after SCI or at week 8 after SCI compared with control (n ϭ 4 per group). F, Representative Western blot showing trkB.T1 expression at the lumbar SDH in the intact spinal cord (control) at 1 and 3 d after SCI (D1 and D3 SCI) in trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice. G, TrkB.T1 expression in TrkB.T1 ϩ/ϩ mice was significantly upregulated at 24 h after thoracic injury ( p Ͻ 0.05, D1 SCI vs control) and remained elevated at 3 d (n ϭ 4 mice per group). Data are expressed as mean Ϯ SEM.
placed in individual Plexiglas cubicles (8.5 cm L ϫ 4 cm H ϫ 4 cm W) on a wire mesh platform and allowed to acclimate for ϳ1 h, during which time exploratory and grooming activity ended. A series of von Frey filaments (Touch Test Sensory Evaluator Kit; www.myNeurolab.com) with bending forces that ranged from 0.04 to 2.00 g was used to deliver the mechanical stimuli. The von Frey filaments are calibrated semiannually using an analytical balance with resolution to 0.0001 g (AB54; Mettler Toledo). Each filament was applied perpendicular to the plantar surface of the right hindpaw until the filament just bent and was held in place for 5 s or until a paw withdrawal occurred. This was repeated for 5 trials for each filament and the number of withdrawals of 5 was recorded. A positive stimulus response was defined as a brisk withdrawal with or without shaking or licking of the hindpaw during or immediately upon removal of the filament application. The stimuli were applied, starting with the 0.4 g filament. If the 0.4 g filament elicited 3 positive responses of 5 trials, then the mouse was tested moving downward through the series to the 0.04 g filament and the number of withdrawals was recorded for each filament. If the 0.4 g filament did not elicit 3 positive responses, then the mouse was tested moving upward through the series to the 2.0 g filament and the number of withdrawals was recorded for each filament (Ren, 1999) . One trial was completed on all of the mice before the subsequent trial was started. The average interstimulus interval was 2-3 min. Threshold was defined as the filament with the lowest bending force that elicited at least 3 positive responses of 5 trials (Ren, 1999) .
Tissue processing and histopathology. Mice were perfused with 4% buffered paraformaldehyde at 1 d (n ϭ 8) or 8 weeks (n ϭ 8) after injury. The dissected spinal cords were postfixed for 2 h and cryoprotected through a sucrose gradient. After the spinal cords were embedded in OCT and frozen, 20-m-thick coronal sections were cut and placed serially on set of 10 slides. A representative slide from each set was stained with eriochrome cyanine (ECRC) to determine the location of the injury epicenter with the least amount of spared WM (Wu et al., 2012b) . Residual WM area was calculated at the injury epicenter as well as at points rostral and caudal to the epicenter by quantifying the total area stained by ECRC. Images were taken at 2.5ϫ magnification and analyzed using NIH ImageJ software. The threshold level of each 8-bit image was set to display only ECRC-positive pixels, and total ECRC-positive area was calculated for each section. Lesion volume was assessed using Stereologer 2000 software (Systems Planning and Analysis). Sections spaced 1 mm apart from 5 mm caudal to 5 mm rostral to the injury epicenter were stained with GFAP and DAB as the chromogen for lesion volume assessment based on the Cavalieri method of unbiased stereology with a grid spacing of 200 m (Wu et al., 2012a) .
Intrathecal injection. Using a method adapted from Hylden and Wilcox (1980) , direct percutaneous intrathecal injections were made by lumbar puncture in isoflurane-anesthetized (AErrane; Baxter) mice. The mice were first placed in an anesthesia induction chamber with 3% isoflurane carried in medical air and then transferred to a nose cone with anesthesia maintained at 1.5-2% during the procedure. The pelvis was stabilized and the space between the L5 and L6 spinous processes was identified. A 1/2 inch 30 g needle attached to a 25 l Hamilton syringe was percutaneously inserted, bevel up, into the groove between the spinous and transverse processes of the L5 and L6 vertebrae at a 20°angle in the rostral direction. Ϫ/Ϫ mice (ࡗ; n ϭ 15) were significantly higher than in trkB.T1 ϩ/ϩ mice (छ; n ϭ 15) starting at day 14 after SCI ( p Ͻ 0.05, two-way ANOVA with repeated measures). B, TrkB.T1 Ϫ/Ϫ mice (ࡗ; n ϭ 12) had significantly less post-SCI mechanical hyperesthesia than trkB.T1 ϩ/ϩ mice (छ; n ϭ 12, p Ͻ 0.05, Mann-Whitney U test). C, Hindpaw mechanical withdrawal stimulus-response curves in intact naive mice and after SCI demonstrate that, after injury, the trkB.T1 ϩ/ϩ mice (छ; n ϭ 12) withdrew their paws from the mechanical stimuli more frequently than the trkB.T1
Ϫ/Ϫ mice (ࡗ; n ϭ 12, p Ͻ 0.05, one-tailed Student's t test). D, A series of representative ECRC-stained tissue sections from trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice at the epicenter (Epi) and rostral (R1-R4) and caudal (C1-C4) to the injury. ECRC stains myelinated areas of spared WM. E, Quantification of the total WM area (mm 2 ) in stained tissue sections showed a significant increase in the WM area of trkB.T1 Ϫ/Ϫ mice (n ϭ 7) compared with trkB.T1 ϩ/ϩ (n ϭ 7, p Ͻ 0.05, one-tailed Student's t test vs trkB.T1 ϩ/ϩ mice). Data are expressed as mean Ϯ SEM.
Entry into the intrathecal space was determined by visualizing a quick tail flick during needle penetration, at which point the needle angle was decreased to 10°. After the injection, the mice recovered from anesthesia under a warming lamp and were observed for signs of spinal trauma (hindlimb weakness, unsteady gait, dragging a hindpaw) beyond what is present due to the experimental SCI. Any mice with signs of spinal trauma were killed immediately. No mice were prematurely killed during the course of this study.
Microarray processing and analysis. Our prior extensive studies of gene expression profiling after rodent SCI, including effects at multiple segments and projection sites, demonstrated that expression changes for both inflammatory factors and cell cycle adjacent to the injury site best reflect outcomes (Di Giovanni et al., 2003; De Biase et al., 2005) . Five millimeter segments of spinal cord tissue centered on the injury site from n ϭ 4 or 5 mice per condition per time point were isolated, frozen, and the RNA extracted using standard TRIzol methods. The quality and quantity of RNA was assessed via spectrophotometer (Nanodrop 1000; Thermo Scientific) and also via RNA Integrity Number using the Agilent Technologies Bioanalyzer. Double-stranded cDNA was prepared from total RNA (1 g) and used as the template for in vitro transcription to prepare biotinylated cRNA. The biotinylated target was fragmented and hybridized to the probes contained on the expression arrays for 16 h. Affymetrix Gene Chip Mouse 430 Plus 2.0 arrays were used, enabling the examination of 45,000ϩ probe sets across the transcriptome. After hybridization, the arrays were washed and stained in the Affymetrix fluidics station and scanned in a 3000 7G scanner. The data (as ".cel" files) were normalized using GC Robust Multiarray Average background adjustment and statistically analyzed using a linear model for microarray provided in the Limma R software package (Bioconductor Software). To correct for error inflation due to multiple statistical testing, the p-value was adjusted using the false discovery rate (FDR) correction. The FDR p-value used for significance was 0.10. Pathway analysis was conducted using Ingenuity Pathway Analysis (Ingenuity Systems). Microarray data have been deposited in National Center for Biotechnology Information Gene Expression Omnibus database under accession number GSE47681.
Astrocyte culture. Primary astrocytes were cultured from the cerebral cortices of 0-to 2-d-old mice as described previously (Wu et al., 2010) . In brief, cerebra were dissected, chopped, triturated, and plated on tissue culture flasks that had been coated with PDL (50 ng/ml). The cells were grown in DMEM/F12 (Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% Pen/Strep at 37°C with 5% CO 2 . When the cells had grown to confluence, the flasks were shaken at 200 rpm for several days to remove microglia and oligodendroglia. Next, the adherent astrocytes were subcultured in multi-well plates or dishes. When cells had reached subconfluence, the culture medium was replaced with serum-free DMEM/F12 overnight before treatments.
Immunohistochemistry and quantitative image analysis. Immunohistochemistry was performed on lumbar segment-1 spinal cord sections. Standard fluorescent immunocytochemistry on serial, 20-m-thick sections was performed as described previously (Wu et al., 2012b). The following primary antibodies were used: rat anti-ED1 (1:200; AbD Serotec), rabbit anti-Iba-1 (1:1000; Wako Chemicals), mouse anti-GFAP (1: 1000; Sigma), rabbit anti-CDK4 (1:100), and PCNA (1:100; Santa Cruz Biotechnology). Fluorescent-conjugated secondary antibodies (Alexa Fluor 488-conjugated goat anti-rabbit, 1:400; Invitrogen) were incubated with tissue sections for 1 h at room temperature. Cell nuclei were labeled with bis-benzimide solution (Hoechst 33258 dye, 5 g/ml in PBS; Sigma). Finally, slides were washed and mounted with an anti-fading medium (Invitrogen). All immunohistological staining experiments were performed with the appropriate positive control tissue and primary/secondary-only negative controls. Images were captured at 60ϫ using a Leica TCS SP5 II Tunable Spectral Confocal microscope and processed using Adobe Photoshop version 7.0 software by a blinded observer. The number of positively labeled cells was determined for each animal by an average of 4 fields of view per region (2 sections on both the left and right sides) at a predefined area of superficial lumbar SDH (Hains and Waxman, 2006; Wu et al., 2011b; Whittaker et al., 2012) , with n ϭ 6 -7 mice per SCI group and n ϭ 4 for the sham group as the sample size for statistical analysis.
Statistical analysis. The mechanical threshold data were analyzed using the Mann-Whitney U test to identify differences between two groups (Ren, 1999). The stimulus-response data for the paw withdrawals are presented as the mean Ϯ SEM and were analyzed by t tests (for two ϩ/ϩ mouse and from injured trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice. The SCI lesion is the region with less GFAP/DAB staining than surrounding tissue. B, The lesion volumes of trkB.T1 Ϫ/Ϫ mice (n ϭ 8) were significantly smaller than in trkB.T1 ϩ/ϩ mice (n ϭ 8) at 8 weeks after SCI (*p Ͻ 0.05, one-tailed Student's t test). C-D, Western blot analysis showed that gene deletion of trkB.T1 (n ϭ 8) significantly reduced the SCI-induced upregulation of Iba-1 protein at 8 weeks after injury compared with trkB.T1 ϩ/ϩ mice (n ϭ 8). Five-millimeter segments of spinal cord tissue representing the injury epicenter were collected for Western blot analysis. Representative immunoblots are shown in C. E-F, Western blot analysis showed that deleting trkB.T1 (n ϭ 8) significantly reduced SCI-induced upregulation of GFAP, CHL1, and NG2 at 8 weeks after injury compared with trkB.T1 ϩ/ϩ mice (n ϭ 8). Five-millimeter segments of spinal cord tissue representing the injury epicenter were collected for Western blot analysis. Representative immunoblots are shown in E. The data in D, F were analyzed by one-way ANOVA with post hoc analysis using Student-Newman-Keuls test. *p Ͻ 0.05, WT SCI versus WT control; # p Ͻ 0.05, KO SCI versus WT SCI. Data are expressed as mean Ϯ SEM.
groups) or by ANOVA with the least significant difference post hoc test (for four groups). All of the other data are presented as the mean Ϯ SEM and were analyzed for significant differences between groups by t tests. In all cases, p Ͻ 0.05 was considered significant.
Results

TrkB.T1 expression is upregulated after SCI
A moderate, incomplete SCI was produced using a well characterized mouse contusion model and the effect of SCI on the expression of trkB.T1 was examined. Five millimeters of spinal cord tissue centered on the epicenter (Fig. 1A) or equivalent tissue from the laminectomy control was processed for Western blot analysis ( Fig.  1 B, C) . A significant increase of trkB.T1 expression was found in trkB.T1 ϩ/ϩ mice (n ϭ 4) at 24 h after SCI compared with the naive controls (n ϭ 4; Fig. 1 B, D; p Ͻ 0.05). TrkB.FL expression remained unchanged at 24 h compared with controls in both the trkB.T1
ϩ/ϩ and trkB.T1
Ϫ/Ϫ mice ( Fig. 1E ; n ϭ 4 each), indicating that the truncated isoform of trkB is selectively altered in the spinal cord at this early time point. The expression of trkB.T1 remained elevated at 3 d after injury (179 Ϯ 6.8% of control, n ϭ 4) and was 1.7-fold higher than the baseline level at 8 weeks after injury (n ϭ 8; Fig Further, expression of trkB.T1 was examined in the samples from SDH at lumbar enlargement (L4 -L5) by microdissection. We found that trkB.T1 expression in trkB.T1 ϩ/ϩ mice was significantly upregulated at 24 h after thoracic injury and remained elevated at 3 d (Fig. 1 F, G) , similar to the results observed in the injury area.
Elimination of trkB.T1 relieves hyperesthesia and improves function after SCI
We addressed whether changes in trkB.T1 regulation are associated with nocifensive responses or locomotor recovery after SCI. Mice were assessed weekly for locomotor function and mechanical hyperesthesia. Locomotor function was assessed using the BMS, which ranges from 0 (total paralysis) to 9 (normal function). One day after SCI, all mice had a BMS score of 0 or 1, indicating nearly complete loss of motor function. By day 14, the trkB.T1 Ϫ/Ϫ mice showed significantly higher BMS scores than the trkB.T1 ϩ/ϩ mice ( Fig. 2A ; p Ͻ 0.05), which persisted through 42 d. Therefore, mice lacking trkB.T1 have better functional recovery after SCI than the trkB.T1 ϩ/ϩ mice. By 4 weeks of SCI, mice regained adequate locomotor function to be able to withdraw a hindpaw from a stimulus and undergo nocifensive behavioral testing. The nocifensive testing for the development of mechanical hyperesthesia was done by applying a series of von Frey filaments (0.04 -2.0 g bending forces) to the plantar surface of the right hindpaw. Threshold was defined as the gram force of the smallest filament to elicit at least three paw withdrawals of five trials. There was no difference in mechanical threshold between the genotypes before the SCI. On day 28 after SCI, the trkB.T1
Ϫ/Ϫ mice had a significantly higher mechanical threshold than the trkB.T1
ϩ/ϩ mice, indicating less mechanical hyperes- TrkB.T1 KO results in decreased gliopathy at the lumbar SDH after SCI. A-C, Western blot analysis showed that GFAP and Iba-1 protein expression at the lumbar SDH were elevated at 1 d after injury in the trkB.T1 ϩ/ϩ mice and were significantly higher at day 3 in the trkB.T1 ϩ/ϩ mice than that in the trkB.T1 Ϫ/Ϫ mice. There was no difference in the expression levels for GFAP and Iba-1 between genotypes in the uninjured control state. n ϭ 4 mice per group; *p Ͻ 0.05, WT D1/D3 SCI versus WT control; # p Ͻ 0.05, KO D1 SCI versus WT D1 SCI; and $ p Ͻ 0.05, KO D3 SCI versus WT D3 SCI. D-F, Quantification of ED1ϩ (green)/Iba-1ϩ (red) activated microglial cells showed that after SCI, there were significantly more activated microglia in the lumbar SDH of trkB.T1 ϩ/ϩ mice (n ϭ 7) compared with trkB.T1 Ϫ/Ϫ mice (n ϭ 7). The number of GFAP-positive cells (green) with a swollen hypertrophic appearance was significantly increased at 7 d after injury in both trkB.T1 ϩ/ϩ (n ϭ 7) and trkB.T1 Ϫ/Ϫ mice (n ϭ 7). Deleting trkB.T1 significantly reduced the number of reactive astrocytes in the trkB.T1
Ϫ/Ϫ mice compared with WT. Scale bar, 250 m for top and 100 m for bottom in D . The data in B, C and E, F were analyzed by one-way ANOVA with post hoc analysis using a Student-Newman-Keuls test. *p Ͻ 0.05, WT SCI versus WT control; # p Ͻ 0.05, KO SCI versus WT SCI. Data are expressed as mean Ϯ SEM. thesia, and these differences persisted to day 42 ( Fig. 2B ; p Ͻ 0.05). There was also a left shift in the stimulus response curves of both genotypes on days 28, 35, and 42, which indicated an increase in the number of withdrawals from each filament. The number of withdrawals by the trkB.T1 ϩ/ϩ mice was significantly higher than for the trkB.T1 Ϫ/Ϫ mice ( Fig. 2C ; p Ͻ 0.05). We then addressed whether the observed behavioral improvements related to the amount of spared WM. Spinal cord sections from injured mice perfused at 8 weeks after SCI were stained with ECRC and the WM area was quantified at 1 mm intervals rostral (R) and caudal (C) to the injury epicenter (EPI). We did not see any difference in the WM area between intact KO and WT mice. ). Animals with trkB.T1 gene deletion showed significant WM sparing at the epicenter, as well as 1-2 mm rostral and caudal to the epicenter ( Fig. 2E ; p Ͻ 0.05). Representative ECRC-stained sections illustrate the differences in myelinated WM area between the trkB.T1 ϩ/ϩ mice and the trkB.T1 Ϫ/Ϫ mice (Fig. 2D ). These data indicate that genetic deletion of trkB.T1 improves the recovery of locomotor function and reduces the degree of hyperesthesia after SCI, which is associated with loss of WM.
TrkB.T1 deletion reduces secondary injury after SCI
We further evaluated the role of trkB.T1 upregulation in SCI by studying secondary tissue changes that include lesion volume, chronic inflammation, and glial scar formation. SCI-induced lesion volume/cavity formation was measured with GFAP/DAB staining at 8 weeks after SCI and analyzed by stereological techniques. Histological assessment showed that tissue collected from the trkB.T1 ϩ/ϩ mice contained a larger lesion cavity (0.62 Ϯ 0.093 mm 3 , n ϭ 8) than that from the trkB.T1 Ϫ/Ϫ mice (0.41 Ϯ 0.060 mm 3 , n ϭ 8, Fig. 3B ; p Ͻ 0.05). This lesion volume reduction in the trkB.T1
Ϫ/Ϫ mice occurred in both WM and gray matter, with an overall decrease in cavity formation and tissue loss (Fig. 3A) .
Western blotting was performed for the activated microglia marker Iba-1 after SCI. Very low levels of Iba-1 expression were found in uninjured controls from both the trkB.T1 ϩ/ϩ mice and the the trkB.T1 Ϫ/Ϫ mice (Fig. 3C ), but 8 weeks after SCI, Iba-1 protein expression showed a 5-to 6-fold increase in injured spinal cord extracts from the trkB.T1 ϩ/ϩ mice compared with sham tissue (Fig. 3D) . Spinal cords from trkB.T1 Ϫ/Ϫ mice had significantly less upregulation of Iba-1 protein expression compared with WT mice ( Fig. 3D ; p Ͻ 0.05). GFAP is an indicator of astrocyte reactivity and increased GFAP expression is associated with glial scar formation and secondary damage after SCI (Bush et al., 1999; Faulkner et al., 2004) . Western blot analysis showed a significant reduction of GFAP protein expression at 8 weeks after injury in the trkB.T1
Ϫ/Ϫ mice compared with WT mice (Fig.  3 E, F ; p Ͻ 0.05). The NG2 proteoglycan and the Ig superfamily adhesion molecule CHL1 are highly expressed by hypertrophic astrocytes in the glial scar, restricting posttraumatic axonal growth (Jakovcevski et al., 2007; Wu et al., 2011b) . We found that NG2 glycoprotein and CHL1 levels in spinal cord tissue were robustly increased at 8 weeks after SCI in WT mice (Fig. 3E) . Deletion of trkB.T1 significantly attenuated the expression of both NG2 glycoprotein and CHL1 ( p Ͻ 0.05, vs the trkB.T1 ϩ/ϩ mice, Fig. 3 E, F ) . These results indicate that there is less microglial activation and glial scar formation after SCI in mice with a trkB.T1 gene deletion.
Activated microglia and reactive astrocytes also contribute to the development and maintenance phases of chronic below-level pain after SCI (Hains and Waxman, 2006; Detloff et al., 2008) . To determine whether the observed attenuation of below-level mechanical hyperesthesia in trkB.T1
Ϫ/Ϫ mice may be related to the reduced activation of spinal microglia and astrocytes, the samples from SDH at lumbar enlargement (L4 -L5) by microdissection were harvested for Western blot analysis to examine gliopathy. There was no difference in the expression levels for GFAP and Iba-1 between genotypes in the uninjured control state. However, GFAP and Iba-1 protein expression were elevated at 1 d after injury in the trkB.T1 ϩ/ϩ mice and were significantly higher at day 3 in the trkB.T1 ϩ/ϩ mice thanin the trkB.T1 Ϫ/Ϫ mice ( Fig. 4A-C) . Moreover, spinal cord lumbar sections from injured mice perfused at 7 d or 8 weeks after SCI were stained with GFAP and ED1/Iba-1. Activated microglia and astrocytes within the superficial SDH were then quantified. Few ED1-positive reactive microglia were seen in uninjured controls from both the trkB.T1 ϩ/ϩ or trkB.T1 Ϫ/Ϫ mice (Fig. 4D ). Eight weeks after SCI, the number of ED1 ϩ /Iba-1 ϩ cells was significantly increased in injured trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice compared with sham tissue and there were significantly fewer positively stained cells in trkB.T1 Ϫ/Ϫ mice compared with WT ( Fig. 4E ; p Ͻ 0.05). GFAPpositive cells with a swollen hypertrophic appearance were significantly increased at 7 d after injury in both trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice, consistent with other results (Gwak et al., 2012) . Deleting trkB.T1 resulted in a significantly reduced number of reactive astrocytes ( Fig. 4F ; p Ͻ 0.05). Therefore, decreasing reactive astrocytes and microglia ("gliopathy") in the lumbar SDH in mice with a trkB.T1 gene deletion is associated with the decreased below-level mechanical hyperesthesia in these mice.
Genetic deletion of trkB.T1 alters cell cycle gene regulation after SCI Because little is known about downstream effectors from trkB.T1 signaling, we conducted a microarray study to examine differential gene expression in the spinal cord of trkB.T1 Ϫ/Ϫ SCI mice compared with trkB.T1 ϩ/ϩ controls. We reasoned that this might provide mechanistic insight into the decreased lesion volume, increased WM sparing, significantly improved locomotor recovery, and reduced pain in the mice lacking trkB.T1. After normalizing the array data using GC Robust Multiarray Average background adjustment, we used a linear model for microarray (Limma R software package; Bioconductor Software) to analyze differential gene expression across the 2 genotypes at baseline (sham) and then at 1, 3, and 7 d after SCI. Using an FDRcorrected p-value of 0.10, we identified 81 probe sets differentially expressed in the trkB.T1 Ϫ/Ϫ spinal cord compared with WT in the sham group, 202 probe sets at day 1, and only 18 and 19 probe sets respectively at days 3 and 7 (Fig. 5A) . A heat map was generated to examine differential expression of the probe sets at day 1 (Fig. 5B) . Next, we conducted pathway analysis using Ingenuity Pathway Analysis to examine alterations in transcriptional activity at day 1 and to conduct an unbiased examination of significantly regulated canonical signaling pathways in our dataset of 202 significant probes. In this analysis, we addressed the question of which pathways are most closely associated with the differentially regulated genes in our dataset (Table 1) . We discovered that there was a significant downregulation of cell cycle pathways in the trkB.T1
Ϫ/Ϫ mice compared with WT controls in the top 10 significantly enriched canonical signaling pathways (Fig. 5C) . We next conducted a shared gene analysis to examine the overlap between significantly regulated pathways to ascertain whether the set of molecules that we identified as significantly different in the trkB.T1 KO spinal cord interacted with more than one pathway and demonstrated significant overlap among 25 pathways (Fig. 5D ). Of these 25 pathways, the most significant overlap was with six cell cycle pathways. Upregulation of cell cycle genes in the WT spinal cord after SCI is consistent with our prior, extensive genomic analyses of post-SCI gene regulation (Di Giovanni et al., 2003; De Biase et al., 2005) .
Deleting trkB.T1 attenuates SCI-induced expression of cell-cycle-related molecules
Because the microarray results demonstrated that cell cycle pathway genes are upregulated in the trkB.T1 ϩ/ϩ mice after SCI, but not in the trkB.T1
Ϫ/Ϫ mice, we next examined the expression levels of the mRNA for CDK1 and protein products of selected cell cycle genes in the injured spinal cord epicenter (E2F1, cyclin E, and CDK1) by Western blot analysis in controls and at 1 d after SCI. The microarray results for selected genes were verified via qPCR. For example, as shown in Figure 6A , we identified a nearly 6-fold increase in CDK1 in the trkB.T1 WT spinal cord compared with KO spinal cord samples by microarray. qPCR validated this finding (Fig. 6A) . Western blot analysis showed that there was no difference in the expression levels for these three proteins between genotypes in the uninjured control state. However, at 1 d after SCI, E2F1 was significantly upregulated in the trkB.T1 ϩ/ϩ mice compared the trkB.T1 Ϫ/Ϫ mice (Fig. 6 B, C ; p Ͻ 0.05). In contrast, there was no difference in the expression level of E2F1 in the trkB.T1 Ϫ/Ϫ mice between control and day 1. CDK1 ( Fig.  6 B, C) and cyclin E (Fig. 6 B, C) were also significantly upregulated in both genotypes at 1 d after SCI; however, the expression of both proteins was significantly higher in the trkB.T1
ϩ/ϩ mice than in the trkB.T1
Ϫ/Ϫ mice ( p Ͻ 0.05). Further, we examined expression of cell-cycle-related proteins up to 8 weeks after SCI. Quantitative analysis of Western blots showed that the expression of cyclin D1, CDK4, and PCNA remained elevated chronically after injury (Fig. 6 D, E; 1.7-to 3.2-fold elevated compared with the uninjured control) in the trkB.T1 ϩ/ϩ mice, consistent with our prior study in rat SCI (Gwak et al., 2012; Wu et al., 2012a; Wu et al., 2012b) In contrast, the expression levels of these three proteins were significantly attenuated in the injured spinal cord from the trkB.T1 Ϫ/Ϫ mice (Fig. 6 D, E ; p Ͻ 0.05). To further evaluate the role of trkB.T1 in the activation of cell cycle pathways, we examined the expression of cell cycle proteins in cultured astrocytes. We found that expression levels of PCNA and CDK4 were markedly elevated in hypertrophic astrocytes stimulated by TGF␤1 (Fig. 6F,G) . There was no difference in the basal expression level of PCNA and CDK4 in cultured astrocytes between the trkB.T1
Ϫ/Ϫ mice. In contrast, the upregulation of PCNA and CDK4 by TGF␤1 was markedly attenuated in the astrocytes from the trkB.T1
Ϫ/Ϫ mice compared with that from the trkB.T1 ϩ/ϩ mice (Fig. 6G) . Further, the expression of cell-cyclerelated proteins was examined in the lumbar SDH by Western blot and immunohistochemistry. There was no difference in the expression levels for E2F1, CDK1, and PCNA between genotypes in the uninjured control state. One day after SCI, expression levels of E2F1, CDK1, and PCNA in the lumbar SDH were markedly increased in the trkB.T1 ϩ/ϩ mice, but were significantly lower in the trkB.T1 Ϫ/Ϫ mice ( Fig. 7A-D) . Elevation of E2F1 was transit only at 24 h after SCI, but at 3 d after injury, the expression of CDK1 and PCNA remained higher in the trkB.T1 ϩ/ϩ mice than in the trkB.T1
Ϫ/Ϫ mice. In the intact spinal cord, immunoreactivity of PCNA and CDK4 was barely detected (Fig. 7E) . At 24 h after SCI, PCNA immunoreactivity was upregulated in the trkB.T1 ϩ/ϩ mice, consistent with our prior study in the rat (Wu et al., 2012b) . CDK4-positive cells were also increased at 8 weeks after injury. The upregulation of these cell-cycle-related proteins was clearly attenuated in the lumbar SDH in mice with trkB.T1 gene deletion (Fig. 7F,G) . Overall, these data suggest that trkB.T1 plays a role in the activation of cell cycle pathways after SCI.
Inhibition of the cell cycle pathway decreases mechanical hyperesthesia and improves outcome in WT mice, but not in trkB.T1 KO mice Given that the cell cycle is upregulated after SCI and that deletion of trkB.T1 attenuates the upregulation of cell cycle proteins, the development of mechanical hyperesthesia, and locomotor dysfunction, we examined the effect of inhibiting the cell cycle on these behavioral outcomes. C57BL/6J mice received a moderate contusion SCI or sham SCI. Immediately and once daily for 6 consecutive days after the injury, the mice received an intrathecal injection (5 l) of the selective CDK inhibitor CR8 (1 mM) or saline. The mice were behaviorally tested for locomotor function and mechanical hyperesthesia as described above. The CR8-treated SCI mice (n ϭ 19) had significantly better BMS scores than the saline-treated SCI mice (n ϭ 19; p Ͻ 0.05) by day 14, and this effect persisted through day 42 after SCI ( Fig. 8A) . At 4 weeks after SCI, the mice regained adequate locomotor function to undergo nocifensive behavioral testing. On day 28 after SCI, the CR8-treated SCI mice (n ϭ 10) had significantly higher mechanical thresholds than the saline-treated SCI mice (n ϭ 10), which ϩ/ϩ spinal cord by microarray (n ϭ 4, 5.9 FC, FDR p ϭ 2.09E-10) and qPCR (n ϭ 4, FC 4.16, p ϭ 0.0022), but not in trkB.T1 Ϫ/Ϫ mice (n ϭ 4). B, Representative immunoblots of E2F1, CDK1, and cyclin E in spinal cord tissue from trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice 24 h after SCI. C, Quantification showing E2F1, CDK1, and cyclin E protein upregulation in trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice compared with controls, which was significantly attenuated in trkB.T1
Ϫ/Ϫ compared with trkB.T1 ϩ/ϩ mice (n ϭ 4 mice/group). D, Representative immunoblots of cyclin D1, CDK4, and PCNA in spinal cord tissue from trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice 8 weeks after SCI. E, Quantification showing upregulation of all three proteins in trkB.T1 ϩ/ϩ and CDK4 and PCNA in trkB.T1 Ϫ/Ϫ mice compared with the controls, which was significantly attenuated in trkB.T1
Ϫ/Ϫ compared with trkB.T1 ϩ/ϩ mice (n ϭ 8 mice/group). *p Ͻ 0.05, WT SCI versus WT control; # p Ͻ 0.05, KO SCI versus WT SCI. F, Representative immunoblots of PCNA and CDK4 in primary astrocyte cultures from trkB.T1 ϩ/ϩ and trkB.T1 Ϫ/Ϫ mice Ϯ TGF␤1. G, Quantification showed significant attenuation of protein upregulation in reactive astrocytes from trkB.T1
Ϫ/Ϫ compared with trkB.T1 ϩ/ϩ mice. *p Ͻ 0.05, WT TGF␤1 versus WT control; # p Ͻ 0.05, KO TGF␤1 versus WT-TGF␤1; n ϭ 4 independent cultures/group. persisted through day 42 ( Fig. 8B ; p Ͻ 0.05). There was also a left shift in the stimulus response curves of both SCI groups on days 28, 35, and 42, indicating an increase in the number of withdrawals from each filament (Fig. 8D-F ) . The number of withdrawals by the saline-treated SCI mice was significantly higher than those by the CR8-treated SCI mice ( Fig. 8D-F ; p Ͻ 0.05). There was no difference in threshold or stimulus-response frequency between the CR8-treated and saline-treated sham SCI groups (n ϭ 6 each; Fig. 8 B, C-F ) . Therefore, inhibiting cell cycle activation improves the recovery of locomotor function and attenuates the development of mechanical hyperesthesia after SCI.
To further address the relationship between the expression of trkB.T1 and cell cycle activation after SCI, we performed Western blot analysis of tissue harvested from the epicenter of the injured spinal cord from C57BL/6J mice with or without CR8 treatment. CR8 treatment, like deletion of trkB.T1, significantly reduced the SCI-induced increase in expression of CDK4, PCNA, and E2F5 at 8 weeks after injury (Fig. 9 A, B) . In contrast, there was no difference in expression levels of trkB.T1 between the CR8-treated and saline-treated sham SCI groups (Fig.  9C,D) . These data are consistent with the concept that trkB.T1 acts upstream of the cell cycle pathway. Last, we compared the effects of CDK inhibition alone or in combination with trkB.T1 deletion on hyperesthesia and locomotor function. The trkB.T1
Ϫ/Ϫ mice received intrathecal treatment or vehicle as described above. There was no difference in hyperesthesia or locomotor function across the treatment groups (Fig. 9 E, F ) . No differences in the expression of cell-cycle-related proteins were observed between these two groups at 8 weeks after injury (Fig. 9G,H ) . Therefore, cell cycle inhibition and trkB.T1 deletion have identical effects on behavior and cell cycle activation, with no additive effects produced by the combined intervention.
Discussion
In a mouse spinal cord contusion model, we show here that trkB.T1 expression is upregulated after injury and is associated with increased expression of cell cycle genes and proteins, microglial and astroglial activation, and the development of hyperesthesia and locomotor deficits. Related causal relationships between these effects is supported by the observation that trkB.T1 Ϫ/Ϫ mice show reduced posttraumatic cell cycle activation, improved recovery of locomotor function, and reduced mechanical hyperesthesia. In vitro, a reduction in the elevation of cell cycle protein expression was observed in reactive astrocytes from trkB.T1 mutant mice, further suggesting trkB.T1 regulation of cell cycle pathways. In addition, inhibiting cell cycle activation using a potent selective CDK inhibitor decreased mechanical hyperesthesia, locomotor dysfunction, and neuroinflammatory markers to the same degree as trkB.T1 gene deletion, with no additive effect when administered to the trkB.T1
Ϫ/Ϫ mice. The expression of trkB is conserved across species and throughout evolution and trkB isoform expression is regulated during development when the dominant trkB isoform expressed in the brain switches from trkB.FL to trkB.T1 (Klein et al., 1990 ). Both full-length and truncated trkB isoforms are widely expressed throughout the adult mammalian CNS (Yan et al., 1997) ϩ/ϩ mice, but significantly lower in trkB.T1 Ϫ/Ϫ mice. Elevation of E2F1 was transit only at 24 h after SCI, but at 3 d after injury, the expression of CDK1 and PCNA remained higher in the trkB.T1 ϩ/ϩ mice than that in the trkB.T1 Ϫ/Ϫ mice (n ϭ 4 mice per group). *p Ͻ 0.05, WT D1/D3 SCI versus WT control; # p Ͻ 0.05, KO D1 SCI versus WT D1 SCI; and $ p Ͻ 0.05, KO D3 SCI versus WT D3 SCI. E, Representative coronal sections of lumbar spinal cord stained for PCNA and CDK4. F, Few PCNA ϩ cells were found in the SDH of control mice. PCNA ϩ cells increased in trkB.T1 ϩ/ϩ (n ϭ 6) and trkB.T1 Ϫ/Ϫ mice (n ϭ 6) 1 d after SCI compared with controls (n ϭ 4), which was significantly attenuated in trkB.T1
Ϫ/Ϫ compared with trkB.T1 ϩ/ϩ mice. G, Few CDK4ϩ cells were found in the SDH of control mice. CDK4 ϩ cells increased in trkB.T1 ϩ/ϩ (n ϭ 7) and trkB.T1 Ϫ/Ϫ mice (n ϭ 7) 8 weeks after SCI compared with controls (n ϭ 4), which was significantly attenuated in trkB.T1
Ϫ/Ϫ compared with trkB.T1 ϩ/ϩ mice. Scale bar, 100 m. The data in B-D and F-G were analyzed by one-way ANOVA with post hoc analysis using Student-Newman-Keuls test. Although the physiological function of trkB.T1 remains unclear, the abundance of trkB.T1 expression in the adult CNS suggests that it serves as more than a dominant-negative inhibitor of trkB.FL. In fact, evidence suggests that, in the absence of trkB.FL signaling, trkB.T1 regulates modification of the cytoskeleton in neuronal and glial cells (Haapasalo et al., 1999; Yacoubian and Lo, 2000) . There is also evidence suggesting that trkB.T1 induces cell signaling through regulation of kinase activity (Baxter et al., 1997; Cheng et al., 2007) and via trkB.T1 signaling independently (Rose et al., 2003) , although the mechanisms of this process remain unclear. Maintaining a proper balance between trkB.FL and trkB.T1 levels is necessary for normal physiological functioning; this was highlighted by a recent study showing that trkB.T1 is involved in excitotoxicity (Vidaurre et al., 2012) .
Here, we have shown that deleting trkB.T1 can significantly improve motor function recovery, reduce mechanical hyperesthesia, and temper histopathological changes after moderate spinal cord contusion. This finding is consistent with recent evidence showing that reducing trkB.T1 expression delays the development of motor neuron loss and functional impairment in a mouse model of amyotrophic lateral sclerosis (Yanpallewar et al., 2012) . It is thus tempting to hypothesize a common signaling pathway as the mechanism underlying the decrease in nocifensive behavior and locomotor dysfunction in mice with SCI in the absence of trkB.T1. Our results from microarray and Western blot analyses comparing the trkB.T1 KO with the WT after SCI showed that upregulation of cell cycle molecules in SCI does not occur in the trkB.T1-null mouse. These results suggest for the first time that there may be a role for trkB.T1-mediated cell cycle gene regulation changes in SCI pain, providing mechanistic insight into why gene deletion of trkB.T1 produces reduced pain.
TrkB full-length is not expressed in astrocytes from either WT or trkB.T1 homozygous mutants (Haapasalo et al., 1999) . Therefore, the astrocyte system is unique and allows us to look specifically at cell cycle genes in a fixed system with and without trkB.T1. TGF␤ is rapidly upregulated after CNS injury in vivo and is important both in inducing reactive astrocytes and as a soluble regulator of extracellular matrix formation (Flanders et al., 1998; Smith and Strunz, 2005) . Here we report that TGF␤-induced reactive astrocytes from WT mice show increased expression of PCNA and CDK4. Surprisingly, we found significantly attenuated changes in these cell cycle proteins in astrocytes from homozygous trkB.T1 mutant mice in which neither full-length trkB nor trkB.T1 expression was found. This further supports our hypothesis that trkB.T1 signaling regulates cell cycle activation.
We and others have examined the role of cell cycle activation in the pathophysiology of SCI (Wu et al., 2011a) . Previously we ϩ/ϩ but not trkB.T1
Ϫ/Ϫ mice. Intrathecal CR8 (1 mM/5 l) or saline was given immediately after SCI and for 6 subsequent days. Assessments occurred before and on days 1, 3, 7, 14, 21, 28, 35 , and 42 post-SCI for locomotor function and on days 28, 35, and 42 post-SCI for mechanical sensitivity. A, CR8-treated trkB.T1 ϩ/ϩ mice (n ϭ 19) had significantly higher BMS scores on days 14 -42 compared with saline-treated mice (n ϭ 19; p Ͻ 0.05, two-way ANOVA with repeated measures). B, CR8-treated trkB.T1 ϩ/ϩ mice (n ϭ 10) had significantly higher mechanical thresholds on days 28 -42 than saline-treated mice (n ϭ 10; Mann-Whitney U test, p Ͻ 0.05). There was no effect of CR8 on sham-SCI mice (n ϭ 6/group). C-F, Stimulus-response curves in intact naive mice and at 28, 35, and 42 d after SCI demonstrate that the saline-treated SCI mice (n ϭ 10) withdrew their paws from the mechanical stimuli significantly more frequently than the CR8-treated SCI mice (n ϭ 10; one-way ANOVA; *p Ͻ 0.05). There was no difference between the stimulus-response curves of the CR8-treated sham and saline-treated sham mice.
reported (Di Giovanni et al., 2003; Byrnes et al., 2007; Wu et al., 2012b; Wu et al., 2012c ) that acute upregulation of a cluster of cell-cycle-related genes contributes to postmitotic cell death and secondary damage after SCI. More recently, we demonstrated that cell-cycle-related proteins are chronically upregulated after SCI and may contribute to astroglial scar formation, chronic inflammation, and further tissue loss (Wu et al., 2012a; Wu et al., 2012b ). Here we show that inhibition of cell cycle activation by a CDK inhibitor in WT mice reduced locomotor deficits, mechanical hyperesthesia, and neuroinflammation after SCI to the same degree as trkB.T1 gene deletion. Further, there were no additive effects when the CDK inhibitor was administered to the trkB.T1-null mice and SCI-induced trkB.T1 upregulation was not altered by application of CDK inhibitor in the WT mice, suggesting that trkB.T1 acts upstream of cell cycle pathways.
Little is known about the role of cell cycle genes in neuropathic pain. Prior studies reported that CDK5 inhibitors reduce heat hyperalgesia in a rat model of CFA-induced inflammation (Yang et al., 2007) or inhibit formalin-induced nociceptive responses in the rat (Wang et al., 2005) . However, CDK5 has very complicated bidirectional effects with regard to cell cycle signaling and unrelated actions that complicate interpretation of these results. Recently, the pan-CDK inhibitor flavopiridol administered intrathecally was reported to reduce tactile hyperesthesia after spinal nerve injury through inhibition of astrocyte proliferation (Tsuda et al., 2011) . Cell cycle activation contributes to both astroglial and microglial activation after CNS injuries, including SCI (Di Giovanni et al., 2005; Wu et al., 2011a) . Activation of astrocytes and microglia has been proposed as a critical mechanism for the induction of SCI pain, with such changes noted in both the SDH (Detloff et al., 2008; Hulsebosch, 2008; Gwak et al., 2012) and thalamus (Zhao et al., 2007) . In agreement with these findings, WT mice subjected here to SCI showed increased inflammation in both the injury site and lumbar area of the spinal cord. Inflammation and astrogliosis in the injury site and lumbar area were reduced in the trkB.T1 Ϫ/Ϫ mice and were associated with reduced cell cycle activation.
Our findings strongly implicate upregulation of trkB.T1 in the pathophysiology of post-SCI hyperesthesia through mechanisms that involve cell cycle activation. Therefore, trkB.T1 may represent a new therapeutic target to reduce pain and improve locomotor recovery after SCI. Given the proposed roles for trkB.T1 and cell cycle activation in other hyperpathic pain models, it is plausible that trkB.T1 regulation of cell cycle pathways represents a more generic mechanism relevant to other neuropathic pain states.
